To investigate relationships between glycated haemoglobin (HbA1c) and reported hypoglycaemia and risk of major adverse cardiovascular events (MACE).
| INTRODUCTION
In 2008, the Action to Control Cardiovascular Risk in Diabetes (ACCORD) study, which was designed to test the hypothesis that intensive glucose control would reduce macrovascular disease in patients with type 2 diabetes (T2DM) and cardiovascular risk factors, was terminated prematurely after 3.5 years because there were 22% more deaths in patients who were treated intensively. 1, 2 This and other evidence prompted concern among the diabetes community that hypoglycaemia might lead to an increase in cardiovascular events, both fatal and non-fatal. Three lines of evidence are among the support for the postulation that hypoglycaemia may contribute to cardiac events: (1) experimental hypoglycaemia causes sympathoadrenal activation and prolonged low-grade inflammation and impairs endothelial function 3 ; (2) spontaneous hypoglycaemia, particularly at night, has been associated with an increased risk of cardiac arrhythmia 4 ; and (3) hypoglycaemia and low levels of glycated haemoglobin (HbA1c) are linked to an increased risk of death in patients with diabetes, hospitalized for myocardial infarction (MI). 5 In the present analysis, we have evaluated the relationships of glycaemic control and reported hypoglycaemia with the risk of major adverse cardiovascular events (MACE; cardiovascular death, nonfatal MI, non-fatal stroke), using data from the Examination of Cardiovascular Outcomes with Alogliptin versus Standard of Care (EXAMINE) study.
The EXAMINE study showed that alogliptin, a selective dipeptidyl peptidase-4 (DPP-4) inhibitor approved for the treatment of patients with T2DM, was non-inferior to placebo in its effect on MACE in patients with T2DM and a recent acute coronary syndrome (ACS) event. 6, 7 In the clinical studies conducted as part of the development programme for alogliptin, no imbalance in cardiovascular events, including mortality, was noted in 4168 alogliptin-treated patients with T2DM studied relative to placebo and active comparators (metformin, pioglitazone, sulphonylurea, glipizide or insulin). 6 The extent to which glycaemic control at the start of the trial and glycaemic control post-randomization predict cardiovascular outcomes and anti-hyperglycaemic response to treatment is unclear. In the present analysis, we investigated the individual effects of baseline HbA1c level, HbA1c achieved 1 month post-randomization, final HbA1c level, and rates of reported hypoglycaemia on MACE. We also evaluated the profiles of additional anti-hyperglycaemic medication use in each treatment arm.
| METHODS
The EXAMINE study was a randomized, double-blind, placebocontrolled study of alogliptin vs placebo with standard of care for the treatment of T2DM and secondary cardiovascular prevention in patients who had experienced an ACS event within 15 to 90 days prior to randomization. 7 The design, patient characteristics and principal findings of the EXAMINE trial have been published previously. 7, 8 To be included in the trial, patients had to have a diagnosis of T2DM 
| Statistical methods
Cox proportional hazards models were used to analyse the time to In the evaluations of risk of subsequent MACE according to HbA1c category, hazard ratios (HRs) and two-sided 95% confidence intervals (CIs) were derived from Cox proportional hazards models with a factor for HbA1c categories, and adjusted for baseline age, sex, duration of diabetes, smoking status, estimated glomerular filtration rate (eGFR), index ACS type and glycaemic medication (insulin, metformin and sulphonylureas), and stratified by screening renal function and geographic region. The group of patients with HbA1c levels <7% served as the reference group.
In the analyses of the relationship of reported hypoglycaemia and MACE, HRs and two-sided 95% CIs were derived from Cox proportional hazards models, with a factor for hypoglycaemia incidence, and adjusted for baseline age, sex, treatment, HbA1c, glycaemic medication and stratified by screening renal function and geographic region.
| RESULTS

| Baseline characteristics
The EXAMINE study enrolled 5380 patients in 49 countries who were randomized to treatment with alogliptin (n = 2701) or placebo (n = 2679) in addition to standard of care. 7 Baseline characteristics for these patients are presented according to reported incidence of hypoglycaemia during the study (Table 1) .
Patients who experienced hypoglycaemia during the trial had baseline measurements indicating a longer duration of diabetes, lower weight and a lower eGFR compared with those without reported hypoglycaemia. A higher proportion of patients who had hypoglycaemia were taking insulin (42.7% vs 29.0%; P < .001) or sulphonylureas (52.0% vs 46.1%; P = .033) at baseline compared with patients who did not have reported hypoglycaemia. In terms of Table S1 ).
| Changes in HbA1c
From baseline to the end of the study, there was a consistently Supporting Information, Table S2 ).
| HbA1c and cardiovascular outcomes
For each baseline HbA1c category, the rates of MACE composite events and individual event types occurring by the end of the study were similar between treatment groups ( Figure 2 ). Relative to the category of patients with HbA1c <7% at baseline, patients in higher categories did not have any altered risk for the composite of MACE or any of the component events, and the same was true for HbA1c category at 1 month (Figure 3 ). There was also no change in risk of hospitalization for heart failure or the composite risk of cardiovascular death and hospitalization for heart failure according to baseline HbA1c category.
| Cardiovascular outcome associated with the incidence of reported hypoglycaemia
Adjusting for baseline covariates and study treatment, there was a When limiting the analysis only to MACE that occurred subsequent to a reported hypoglycaemic event, the association was less robust and not statistically significant ( Figure 4B ). There was no appreciable difference between treatment groups in MACE rates for patients with or without hypoglycaemia.
| Hypoglycaemia based on HbA1c at baseline and end of study
Overall, 354 patients (6.6%) were reported to have hypoglycaemia (6.7% with alogliptin and 6.5% with placebo); rates of serious FIGURE 1 Change in HbA1c from baseline to last visit by baseline HbA1c category and treatment group analysed using Cox proportional hazards models without adjustment for multiple comparisons. LS, least squares.
hypoglycaemia were low (0.7% with alogliptin and 0.6% with placebo). There were no significant differences in the rates of all reported hypoglycaemia or serious hypoglycaemia between the alogliptin and placebo groups for any category of baseline HbA1c
value. Serious hypoglycaemic events occurred only in patients in both randomized treatment arms who were taking insulin and/or FIGURE 2 Percentage of patients experiencing MACE and composite by baseline HbA1c category and treatment group: HRs and P values for the primary endpoint of composite MACE with alogliptin vs placebo. Relationships between MACE and baseline HbA1c were analysed using Cox proportional hazards models without adjustment for multiple comparisons. sulphonylureas and who had a comorbid event, such as inability to eat or intercurrent gastrointestinal illnesses.
| DISCUSSION
In the present analysis of the relationship of glycaemic control and reported hypoglycaemia to MACE in patients with T2DM and a recent ACS, we found no relationship between HbA1c levels and MACE as previously observed in individuals with or without unstable cardiovascular disease; however, we did find an interesting association between hypoglycaemia and cardiac events in this patient population.
Patients in the EXAMINE trial had baseline T2DM and a recent history of an ACS, making them a high cardiovascular risk population.
The highest event rates of MACE (12.8% at 2 years) were reported for patients with a baseline HbA1c of between 8% and 9%, although these did not differ notably from rates seen in the other categories.
Patients in the alogliptin arm achieved a lower HbA1c than those on placebo regardless of their baseline HbA1c category. After initiation of treatment with alogliptin or placebo, there was a greater use of add-on medications in the placebo group, although this was insufficient to match HbA1c levels in the group treated with alogliptin.
Using the combined group of patients with HbA1c <7% at 1 month (allowing for treatment effect) as a reference, we found no increase in risk of subsequent MACE for categories of higher HbA1c levels, and the same was true when the analysis was performed for categories of HbA1c at baseline. This contrasts with a previous analysis of data from a trial of saxagliptin vs placebo in lower risk patients with T2DM and stable cardiovascular disease or atherosclerotic risk factors (SAVOR-TIMI 53), which showed that categories of higher baseline HbA1c (>7%) were associated with a higher risk of MACE.
9
This may reflect different populations; those in the EXAMINE trial, who were on average 45 days from a previous ACS at baseline, experienced MACE at a rate approximately double that of patients in the SAVOR-TIMI 53 trial, and their enhanced cardiovascular risk may have masked a modest effect of glycaemic control.
In the entire EXAMINE cohort, reported events of any hypoglycaemia and serious hypoglycaemia were associated with the primary endpoint of MACE. A stronger relationship between serious hypoglycaemic events (compared to any hypoglycaemic event) and MACE could indicate a dose-response effect, although reporting of serious FIGURE 4 Risk of MACE outcomes based on reported hypoglycaemia for (A) any MACE and (B) subsequent MACE. Hypoglycaemia incidence is based on reported adverse events of the hypoglycaemia preferred term coded according to the Medical Dictionary for Regulatory Activities. HRs and 2-sided 95% CIs are derived from Cox proportional hazards models with a factor for hypoglycaemia incidence and adjusted by baseline age, sex, treatment, HbA1c and glycaemic medication (insulin, metformin and sulphonylureas) and stratified by screening renal function and geographic region.
hypoglycaemia was also probably more reliable. A review of patients with serious hypoglycaemia found that all were taking concomitant insulin or sulphonylureas and usually had a comorbid gastrointestinal event or were anorectic and failed to eat on the day of the hypoglycaemic event. In light of the limitations of the frequency of data collection and the inclusion only of reported events with the preferred term of "hypoglycaemia," it is likely that non-serious episodes of hypoglycaemia were more frequent than reported in the study population.
Additionally, the different definition of serious as opposed to severe hypoglycaemia may have contributed to the lower rates of hypoglycaemia overall than have been reported in other comparable trials.
The more robust relationship between hypoglycaemia and any MACE, as opposed to MACE after hypoglycaemia, suggests that confounding contributes to these findings; namely, that hypoglycaemia is associated with a comorbidity that increases the likelihood of MACE.
The potential contribution of hypoglycaemia to subsequent cardiovascular mortality in individuals with T2DM has been the subject of considerable debate since the premature closure of the ACCORD trial because of an increased mortality rate in the intensive glycaemic control group. ; however, a recent meta-analysis which included data on six large observational studies involving >900 000 patients used a statistical approach -bias analysis -to show that confounding as a result of comorbid severe illness was unlikely to explain the whole association. 5 The authors concluded that there was, in fact, a strong likelihood of a direct relationship between hypoglycaemic episodes and subsequent cardiovascular events. ACCORD did not evaluate a direct effect of hypoglycaemia on risk of cardiovascular death or determine a definite reason for increased cardiovascular death among patients treated intensively. By contrast, the ADVANCE study found higher risk in patients who had an episode of severe hypoglycaemia for vascular events, cardiovascular death and death from any causeand speculated such hypoglycaemia episodes could be only markers for susceptibility; any causative contribution of hypoglycaemia to risk of cardiovascular events remains uncertain. 1, 13 More recent results from the SAVOR-TIMI 53 study in patients with T2DM and renal impairment have shown an increase in hypoglycaemia and major cardiovascular events in patients with moderate but not severe renal impairment, potentially attributable to higher rates of concomitant medication use in the moderately impaired group. 14 In conclusion, alogliptin improved glycaemic control without increasing hypoglycaemia. We found no association between baseline HbA1c levels or HbA1c levels within 1 month of initiating treatment with the risk of MACE. Reported "serious" hypoglycaemic events were significantly associated with MACE but when the analysis was limited to MACE that occurred subsequent to a serious hypoglycaemic event, the association was less robust and no longer statistically significant. These data underscore the safety of alogliptin in improving glycaemic control in T2DM post-ACS. Together with findings from the ADVANCE, ACCORD and SAVOR-TIMI 53 trials, the findings of the present analysis support the notion that events of incapacitating hypoglycaemia in T2DM may portend increased risk of major cardiovascular events, in which the concomitant use of insulin and/or sulphonylureas with a DPP-4 inhibitor may play a role. Further research is warranted to understand the temporal relationship and prognostic value of hypoglycaemia in patients treated for T2DM to events of the MACE composite.
